ABSTRACT: Successful identification of skeletonized remains often relies upon DNA analyses, frequently focusing on the mid-diaphysis of weight-bearing long bones. This study explored intra-bone DNA variability using bovine and porcine femora, along with calcanei and tali. DNA from fresh and short-term environmentally exposed bone was extracted utilizing demineralization and standard lysis buffer protocols, and DNA quantity and quality were measured. Overall, femoral epiphyses, metaphyses, and the tarsals had more nuclear and mitochondrial DNA than did the femoral diaphyses. DNA loss was much more rapid in buried bones than in surface exposed bones, while DNA quality differed based on environment, but not bone region/element. The demineralization protocol generated more DNA in some bone regions, while the standard lysis was more effective in others, and neither significantly affected DNA quality. Taken together, these findings reinforce the importance of considering inter-and intra-bone heterogeneity when sampling skeletal material for forensic DNA-based identifications.
The timely identification of human remains can aid law enforcement in a criminal investigation and in establishing a case against a suspect. Such identification becomes increasingly more difficult as the remains decompose, and once they are reduced to skeletonized material, the specialized knowledge of forensic anthropologists may be required. These experts are able to assess metric and visual traits (1), utilize comparative radiography (2) (3) (4) (5) , and even track surgical implants (6, 7) when attempting to determine the origin of skeletal material. Over the last several years, DNA analysis of skeletal material has come to augment anthropological examination of decomposed remains, particularly in cases where antemortem records are not available, poor skeletal preservation exists, or the remains are substantially incomplete or fragmented.
DNA typing of skeletal remains depends on several factors, including retrieving DNA from the material, removal of PCR inhibitors, and the quantity and quality of the DNA recovered, all of which can be affected by factors such as time, temperature, and environmental exposure. To examine this, Hochmeister et al. (8) subjected femoral bone to outdoor exposure while wrapped in plastic, water immersion, soil burial, and freezing for a 3-month period. Only the frozen control and outdoor exposed bones had sufficient high molecular weight DNA for RFLP typing, although all DNAs were amplifiable using PCR. Other researchers have shown that bone aged in cooler environments typically exhibits better DNA preservation than bone from warmer settings (9) (10) (11) (12) (13) . Finally, studies have revealed that burial, whether over a period of years (14) , months (8) , or even less (15) , influences DNA loss within bone; however, exactly how quickly and where DNA loss begins in buried bone is uncertain.
Previous research has also focused on which specific skeletal element(s) are most likely to lead to positive DNA results. Misner et al. (16) examined 86 bones derived from 36 skeletons exhumed from the Voegtly Cemetery in Pittsburg, PA after approximately 150 years of burial, to determine whether skeletal weathering stages are predictive of DNA quantity and quality. No correlation between skeletal weathering and recovered DNA existed; however, osseous tissue type did influence DNA yield and amplification success, with femora producing significantly more DNA than ribs, followed by pelvises. Larger, though less controlled studies have stemmed from attempts to identify war victims. The U.S. Armed Forces DNA Identification Laboratory has reported on mtDNA amplification success from skeletal elements derived from thousands of service members' remains spanning World War II, the Korean War, and the Vietnam War (17, 18) . In general, dense, cortical regions of weight-bearing long bones like the femur and tibia tended to retain DNA that resulted 1 in successful downstream analyses compared to other elements. In contrast, bones with a greater proportion of trabecular tissue (e.g., the axial skeleton) were less likely to produce useful genetic information. Similar results were obtained by Milo s et al. (19) , who evaluated DNA typing success among elements from more than 25,000 skeletal samples recovered from mass grave sites in Kosovo, Bosnia, and Herzegovina. Mundorff et al. (20) compared DNA identification success among bone types based on over 3600 skeletal elements from the World Trade CenterHuman Remains Database. One of their findings was that DNA recovered from femora and tibias led to decedent identification more often than ribs or pelves. Owing to these types of results, organizations such as the International Society for Forensic Genetics and the Red Cross recommend cortical material from weight-bearing long bones for victim identification (21, 22) .
However, Mundorff et al. (20) also noted that commonly overlooked elements such as patellae, tarsals, and foot phalanges were as useful as weight-bearing long bones for DNA identification in their relatively modern remains. It was further noted that the above studies, while involving a large number of individuals and bone types, were necessarily retrospective in nature, and the remains tested varied widely in postmortem interval, environmental conditions, and skeletal trauma, all of which may act as confounders. Owing to this, Mundorff and coworkers (23, 24) undertook prospective research on each skeletal element type from three individuals that were allowed to naturally decompose lying prone on the ground, as well as a subset of bones from 12 other sets of remains dating back two decades. The authors then ranked skeletal elements based on the quantity and quality of nuclear DNA obtained from each. Their results demonstrated a high degree of variability in DNA among elements from a single individual, and that, counter to some previous findings, overall small predominately cancellous bones such as the phalanx, patella, and tarsals had higher DNA yields and more complete STR profiles than weight-bearing long bones like the femur and tibia. Furthermore, the results remained fairly consistent when the same skeletal elements were tested across postmortem intervals. However, given the number of elements tested, each was sampled at only a single, consistent location, meaning that different results would have been obtained if substantial intra-bone variation in DNA content exists. Further, only nuclear DNA was examined, so no conclusions can be drawn about mtDNA quantity or quality within or among bones, even though mtDNA is widely examined for identification of skeletal remains.
Despite the substantial body of work that exists regarding skeletal DNA-based identifications, it is clear that inter-and intra-bone variation in DNA content has yet to be fully examined, particularly under controlled conditions. The goal of the research presented here was to explore variation in nuclear and mitochondrial DNA quantity and quality within individual bones. Femora were focused upon given their large and variable size and structure, and how commonly they are utilized for identification. These results were then compared to tarsal bones that are more trabecular in nature, and are not generally recommended for DNA analysis. Animal models were utilized so that tissues would be fresh, available, and originate from healthy individuals. One collection of femora and tarsals was macerated then assayed, while another was subjected to outdoor exposure and intermittent testing throughout a 6-month period. In total, more than 3,200 assays were conducted, providing a comprehensive evaluation of intra-bone variation in mitochondrial and nuclear DNA quantity and quality from fresh and environmentally exposed skeletal remains.
Materials and Methods

Skeletal Material Acquisition, Partitioning, and Preparation
Fresh femora and tarsals from Holstein cows (Bos taurus) and domestic pigs (Sus scrofa domesticus) were obtained from the Michigan State University Meat Laboratory.
For original bone testing, soft tissue was removed from 16 femora, tali, and calcanei (n = 8 per species) through maceration in a boiling 1% Tergazyme TM (Alconox, White Plains, NY) solution in reverse osmosis treated water. Femoral diaphyses were measured and divided into six segments ( Fig. 1; denoted Regions 1-6), along with the metaphyses (Regions 7 and 8), a muscle attachment point located on the diaphysis's distal posterior aspect (Region 9), the distal epiphysis (Region 10), the femoral head (Region 11), and the greater trochanter (Region 12), as well as the calcaneus and talus (Regions 13 and 14, respectively).
For environmentally exposed bone testing, four bovine femora, calcanei, and tali were mechanically defleshed to expose small areas of bone for drilling, while leaving substantial soft tissue. Based on the results from the fourteen regions noted above, the femoral midshaft diaphysis ( Fig. 1 ; Regions 1 and 2), proximal and distal metaphyses (Regions 7 and 8 respectively), and the distal epiphysis, femoral head, calcaneus, and talus were assayed. Each region was first sampled (detailed below) to asses starting DNA. Then, two femora and tarsal sets-one per cowwere buried in black garden soil at a depth of approximately eight inches. The remaining two sets were placed on the soil surface above the buried bones, and all were enclosed by a weighted-down mesh wire fence to deter scavenger activity (Figure S1 ). The test site was located in mid-Michigan, at the geographical coordinates 42°44 0 43.8″ N, 84°17 0 09.4″ W. Following placement, bones were retrieved and sampled weekly for the first 2 weeks, then tested at 1, 3, and 6 months. Skeletal material was rinsed onsite to remove bulk soil and insects, then bagged separately and transported to the MSU Forensic Biology Laboratory for processing using the demineralization technique (below). Bones were returned within 12 h to the experiment site. The soft tissue and bone were substantially putrefied by week 2, and during the entire period, which began in mid-September 2014, soil/bones did not dry out, while the soil/bones were largely frozen from late-December through mid-March.
DNA Sampling of Skeletal Material
Upon return to the laboratory, the bones were drilled inside a PCR workstation (Labconco, Kansas City, MO) that had been decontaminated with 10% bleach and 70% ethanol. A Dremel 395 MultiProâ rotary device (Robert Bosch Tool Corporation, Mount Prospect, IL), weighing paper, microspatula, and 2.0 mL microcentrifuge tubes were ultraviolet (UV) irradiated for 10 min (~5 J/cm 2 ) in a Spectrolinker TM XL-1500 UV Crosslinker (Spectronics Corporation, Westbury, NY). M35 7/64 inch cobalt drill bits (B&Q International, Eastleigh, England) and nonmotorized Dremelâ components were washed, soaked in 10% bleach for 10 min, rinsed with 18.2 MO water, rinsed with 70% ethanol, then UV irradiated in the Spectrolinker TM for 10 min prior to use. Each bone's outer surface was lightly sanded prior to drilling using a Dremelâ number 420 cut-off wheel to remove surface contaminants. Then the bone's cortical surface was sampled at the anterior, posterior, medial, and lateral aspects of each region using a fresh drill bit for each region, so that the resultant powders were representative of the longitudinal bone region being ANTINICK AND FORAN . DNA VARIABILITY FROM FRESH SKELETAL REMAINS 89 sampled. Drillings were~5 mm deep, and were within a~3 cm 2 area for each aspect. Drilled holes were not filled prior to the next round of burial, as previous testing showed that doing so did not result in measurable changes in DNA yields (data not shown). Powders produced from each aspect were combined and homogenized, then 50 AE 1 mg aliquots of the homogenized powder were added to microcentrifuge tubes, which were stored at À20°C pending DNA isolation.
DNA Isolation
Supplies and reagents were UV irradiated for 10 min with the exceptions of organic solvents and proteinase K. Bone powder from each region was digested in 750 lL of tissue lysis buffer (20 mM Tris-pH 7.5; 50 mM EDTA; 0.1% SDS) (fresh bones) and/or demineralization buffer (0.5 M EDTA-pH 8.0; 1% lauryl-sarcosine) (25) (fresh and environmentally exposed bones), which contained 1% by buffer volume proteinase K (20 mg/ mL). Digests were incubated overnight at 56°C on a shaker set to 250 rotations per minute.
An equal volume of cold 1:1 phenol/chloroform was added to the tubes, which were vortexed and centrifuged for 10 min at maximum speed. Four hundred microliters of the aqueous layer was transferred to a 30K Amiconâ Ultra-0.5 mL Centrifugal Filters (Millipore Corporation, Billerica, MA) and centrifuged for 10 min at 14,000 9 g. An additional 200 lL of the aqueous layer was transferred to the column and centrifuged for 10 min at 14,000 9 g. Flow-throughs were discarded and the columns were washed with 400 lL of TE (10 mM Tris-pH 7.5, 1 mM EDTA) and centrifuged for 10 min at 14,000 9 g. Flow-throughs were discarded and the process was repeated using TE, then low TE (10 mM Tris-pH 7.5; 0.1 mM EDTA). Columns were inverted into new tubes and centrifuged for 2 min at 1000 9 g. Retentate volumes were measured prior to À80°C storage.
Quantitative PCR Assays
Quantitative real-time PCR was performed on an iCycler thermal cycler (Bio-Rad Laboratories, Hercules, CA), and fluorescence detected using an iQ5 multi-color real-time PCR system. Bovine primers and probes targeting the nuclear Melanocortin-1-Receptor (MC1R) gene and internal positive control (IPC) primers, probe, and template were from Lindquist et al. (26) . Primers and probe targeting the mitochondrial ATPase 8 gene were from Hebda and Foran (15) . Porcine primers and probes targeting the nuclear MC1R and mitochondrial ATPase genes were designed using Primer3 software (27) , based on the Sus scrofa complete mtDNA sequence (BLAST Accession NC_00845.1), and Sus scrofa mixed breed chromosome 6 DNA sequence (BLAST Accession NC_010448.3) ( Table 1) . Bovine DNA standards were created as per Hebda and Foran (15) . Porcine DNA standards were created by serial dilution of stock DNA from pig muscle that had been spectrometrically quantified. Standards at concentrations of 50, 16.67, 5.56, 1.85, 0.62, 0.21, 0.069, and 0.023 ng/lL total DNA were prepared in low TE containing 20 lg/mL glycogen. mtDNA concentrations were relative measurements based off of the same standards.
FIG. 1--Regions of porcine (a) and bovine (b) femora, tali, and calcanei tested in this study. Scale in inches. Regions 1 and 2 correspond to the midshaft diaphysis, 3 and 5 to proximal diaphysis, 4 and 6 to distal diaphysis, 7 and 8 to the proximal and distal metaphyses, respectively, 9 to an articulating surface on the posterior-lateral diaphysis, 10 to the distal epiphysis, 11 to the femoral head, and 12 to the greater trochanter. Regions 13 and 14 denote the calcaneus and talus, respectively, which were sampled as whole elements. [Color figure can be viewed at wileyonlinelibrary.com]
Real-time PCR reactions were prepared in a 15 lL volume as described in Hebda and Foran (15) . Real-time PCR parameters were as follows: an initial 3 min 95°C denaturation, followed by 50 cycles of 95°C denaturation for 15 sec then 60°C annealing/ elongation for 1 min. Standard curves were generated using the iQ TM 5 Optical System Software. DNA concentrations were standardized by calculating real-time PCR concentration (ng/lL), multiplied by total extract volume (lL), and divided by the mass of bone powder (mg) to form nanograms DNA recovered per milligram bone powder (ng/mg). DNAs that demonstrated PCR inhibition via the IPC were reamplified using a 1:5, and if necessary a 1:10 dilution of the original eluate.
Qualitative PCR Assays
DNA quality was assayed using singleplex reactions via attempted amplification of progressively larger bovine and porcine mitochondrial and nuclear amplicons ( Table 2) . Primers were designed using Primer3, targeting bovine ATPase (BLAST Accession NC_006853), porcine ATPase (BLAST Accession NC_00845.1), and bovine MC1R (BLAST Accession AC_ 000175) gene sequences. Porcine nuclear DNA primers targeting the Insulin Growth Factor-1 gene (IGF-1) were designed by Michaud and Foran (28) .
Qualitative PCR reactions consisted of: 1 lL of GeneAMP 109 PCR Buffer II (Applied Biosystems, Carlsbad, CA), 1 lL of 25 mM MgCl 2 , 1 lL of 20 lM forward and reverse primers, 1 lL of 2 mM deoxynucleotide 5 0 -triphosphates, 1 unit of AmpliTaq Goldâ DNA Polymerase (Applied Biosystems), 1 lL of template DNA diluted to~1 ng/lL, and water to 10 lL. PCR cycling parameters were initial 10 min denaturation at 94°C followed by 38 cycles of 30 s at 94°C denaturation, 1 min at 58°C (bovine ATPase and MC1R), 60°C (porcine ATPase), or 56°C (IGF-1) annealing, and 45 s at 72°C extension, with a final 5 min extension at 72°C. Five microliters of PCR products were separated on a 1% agarose gel stained with ethidium bromide, then visualized under UV light to assess successful amplification. DNAs that demonstrated PCR inhibition via the IPC were reamplified using a 1:5, and if necessary a 1:10 dilution of the original eluate.
Statistical Analyses of DNA Yields
Statistical analyses were performed using XLSTAT version 2014.2.01 (Addinsoft, New York, NY). The normality of the DNA quantification data from fresh bone was assessed using Anderson-Darling and Shapiro-Wilk tests (sample size did not allow for statistical analysis of environmentally exposed bone). Statistical power was enhanced by combining quantification data into femoral regions of the diaphysis, metaphyses (including the muscle attachment point), epiphyses, and the tarsals (Regions 1-6, 7-9, 10-12, and 13-14, respectively; Fig. 1 ). Significant differences in DNA yields among femoral regions were evaluated using Kruskal-Wallis for analysis of variance, followed by a two-tailed Bonferroni adjusted Dunn's procedure for pairwise comparisons. Quantitative data between the femur and tarsals, as well as between extraction buffers, were compared using a Mann-Whitney U test. Statistical significance for all tests was determined at a < 0.05, or a Bonferroni corrected significance level a = 0.0167 when multiple comparisons were undertaken.
Results
Nuclear DNA Quantity from Fresh Bones
Nuclear DNA yields based on fresh skeletal element, femoral region, DNA isolation buffer, and species are displayed in Table 3 . Overall, the epiphyses (Regions 10-12) returned the highest levels of nuclear DNA, followed by the metaphyses (Regions 7,8) and muscle attachment site (Region 9), with the 
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diaphysis (Regions 1-6) yielding the least DNA. Similar trends in DNA quantity occurred between buffers in both model systems. Combining the femoral data by bone region showed that the epiphyses contained significantly more nuclear DNA than the diaphysis (p ≤ 0.0001) and the metaphyses/attachment site (p ≤ 0.0158) in both model systems utilizing both digestion buffers. Further, the metaphyses/attachment site had significantly more nuclear DNA than the diaphysis (p ≤ 0.011) in both systems using both buffers. The tarsals (Regions 13, 14) had significantly more nuclear DNA than the femoral diaphysis (p ≤ 0.008) and less than the epiphyses (p ≤ 0.041), regardless of species or buffer. Mixed results existed between the tarsals and the metaphyses/attachment site; porcine tarsals had significantly more nuclear DNA than the metaphyses/attachment site utilizing either buffer (p ≤ 0.035), while the same comparison in bovine samples showed no significant difference with demineralization (p = 0.576) or tissue lysis buffer (p = 0.079); however, in the latter the tarsals tended to have more DNA than the metaphyses/attachment point.
The digestion buffer utilized did affect nuclear DNA yields in other cases however. For instance, porcine and bovine diaphyseal bone digested in demineralization buffer produced significantly more DNA than in tissue lysis buffer (p < 0.0001), while the exact opposite occurred with epiphyseal bone, where tissue lysis digestion led to significantly higher DNA yields from both porcine (p < 0.0001) and bovine (p = 0.046) samples. Nuclear DNA recovery was also higher from tissue lysis digestions of bovine tarsals (p = 0.047) and metaphyses/attachment point, although the latter was not significant (p = 0.153). In contrast, DNA yields derived from the porcine metaphyses/attachment point and the tarsals were not significantly different between buffers (p = 0.688 and 0.376, respectively).
Mitochondrial DNA Quantity from Fresh Bones mtDNA yields within fresh femora (Table 4 ) followed a pattern similar to nuclear DNA in both model systems, wherein the epiphyses had the highest quantity of DNA, followed by metaphyses and muscle attachment point, and finally the diaphysis. When data were combined by bone regions, the epiphyses contained significantly more mtDNA than the diaphysis (p ≤ 0.0001) in both species, utilizing both digestion buffers.
The same was true when comparing the epiphyses to the metaphyses/attachment point in porcine samples (p ≤ 0.002) and in bovine samples utilizing demineralization buffer (p = 0.0004), but not with tissue lysis buffer, which failed to reach Bonferroni corrected significance (p = 0.02). Finally, the metaphyses/attachment point had higher mtDNA yields than the diaphysis (p ≤ 0.0001) in both models systems and buffers.
Comparison of femoral regions and tarsals showed that the porcine epiphyses had significantly higher mtDNA yields than tarsals regardless of digestion buffer (p < 0.0001), while bovine epiphyses also had higher yields using demineralization buffer (p = 0.012), but again did not reach statistical significance using tissue lysis buffer (p = 0.07). In contrast, the tarsals produced more mtDNA than the femoral diaphysis (p ≤ 0.006) in both model systems and buffers. Comparison between the metaphyses/attachment point and tarsals showed variable results, where significantly more DNA was recovered from the porcine tarsals when tissue lysis buffer was used (p = 0.041), but not with demineralization buffer (p = 0.420). The same comparison in bovine bone showed no significant difference using either buffer (p = 0.345 and p = 0.838 for tissue lysis and demineralization respectively).
Regarding DNA extraction methods, demineralization resulted in higher mtDNA yields from the diaphysis in both porcine (p = 0.008) and bovine (p = 0.037) samples, while no other significant differences were detected for the other regions (p ≥ 0.310).
Nuclear and Mitochondrial DNA Quality from Fresh Bones
The quality of both DNA types was not measurably influenced by femoral region of origin, nor among the different elements tested (data not shown). Overall, DNAs from demineralized bone samples were more likely to generate larger amplicons than samples isolated using tissue lysis buffer, although only mtDNA from bovine samples reached statistical significance (p = 0.011).
Nuclear DNA Quantity from Environmentally Exposed Bones
Nuclear DNA yields from environmentally exposed bones are displayed in Fig. 2 . Starting DNA yields averaged from 203.96 ng/mg bone powder (proximal metaphysis) to 305.99 ng/ mg (distal epiphysis), with a few instances of PCR inhibition existing in neat DNA. In general, DNA yields from the surface exposed bones remained relatively constant or declined slightly over time, with the greatest DNA loss occurring after 1 week in the midshaft diaphysis. Regions of bone with relatively higher or lower starting DNA quantities tended to remain that way throughout the 6-month period. For example, the midshaft diaphysis consistently yielded less nuclear DNA than the femoral metaphyses, epiphyses, or tarsals. Unexpectedly, DNA yields from several regions at week two through 3 months were higher than day zero, particularly at the femoral head. In most regions, the greatest reduction in DNA yields occurred between the 3-and 6-month time points, but even after this time minimally half the DNA remained. At 6 months of exposure, the femoral head had the highest amount of nuclear DNA, the midshaft diaphysis the lowest, with the distal epiphysis, metaphyses, and tarsals falling in-between. In stark contrast, DNA yields from buried bones decreased from 85% to over 99% after just 1 week (Fig. 2) . Following this, yields from the femoral midshaft diaphysis, metaphyses, and distal epiphysis did not substantially decrease, while DNA quantities from the femoral head and tarsals continued to decline. After 6 months of burial, the femoral head and talus had the highest nuclear DNA yields, while the lowest yields were from the midshaft diaphysis and metaphyses.
Mitochondrial DNA Quantity from Environmentally Exposed Bones
Average mtDNA yields for all environmentally exposed bones are shown in Fig. 3 . Starting mtDNA yields ranged from 16.79 ng/mg of bone powder (proximal metaphysis) to 64.05 ng/mg (distal epiphysis). mtDNA yields in surface exposed bone declined after the earliest time point tested (1 week), and generally continued to do so over the 6 months of exposure, with the greatest loss typically occurring between 1 and 3 months, or later for the femoral head. Similar to the nuclear DNA results, mtDNA yields in week two were higher than those from week one, although this difference was not as extreme as for nuclear DNA. After 6 months, the epiphyses had the highest mtDNA yields, followed by the tarsals, while the midshaft diaphysis and the metaphyses had the lowest yields, and all were at levels in the 20-35% range of starting mtDNA quantities.
Consistent with the nuclear DNA results, buried bones showed a much more extreme loss of mtDNA compared to surface exposed bones, with reduction of 90% or more by the first week. After that, mtDNA from the midshaft diaphysis, proximal metaphysis, and talus did not appreciable decline, while mtDNA in the other locations did. At 6 months, only the talus had mtDNA yields above 1 ng mtDNA/mg, which was still a reduction of 96%. Intra-regional differences in mtDNA yield from fresh bone were less drastic after 6 months of burial than for nuclear DNA, with the talus and femoral head having the highest yields at 6 months, and the midshaft diaphysis and distal metaphysis having the lowest.
Nuclear and Mitochondrial DNA Quality from Environmentally Exposed Bones
No regional difference in nuclear DNA quality from surface exposed bones was detected (data not shown), as the 410 bp amplicon was successfully generated from all seven regions at every time point, while the 599 bp amplicon was not. In contrast, 32% of DNA extracts from buried bone resulted in the 599 bp amplicon, 51% in the 410 bp amplicon, 8% in the 200 bp amplicon, while 8% failed to amplify even though the IPC did (Table 5) . No clear trend emerged between DNA quality and bone type/region. Overall, length of burial did not substantially alter DNA quality; however, the successful amplification of the largest amplicon occurred more frequently after day zero.
Similarly, no regional difference in mtDNA quality was detected (data not shown). The 994 bp amplicon, the largest tested, was successfully generated from all regions and time points from both surface exposed and buried elements, although spurious DNAs needed to be diluted to overcome PCR inhibition.
Discussion
Past research has generally indicated that sampling DNA from the diaphyses of long bones produces superior downstream DNA typing results compared to other regions or skeletal elements Median mtDNA quantities (n = 8) are reported in ng mtDNA per mg bone powder. Median absolute deviation (MAD).
(e.g., [17] [18] [19] , but see [23, 24] ), which has led to recommendations for sampling from their mid-diaphysis when possible (21, 22) . In contrast, the research presented here demonstrates that, in the relatively fresh bone examined, nuclear and mitochondrial DNA quantities vary significantly within a single skeletal element, and that within-bone variation can be greater than that between bones. Overall, femoral epiphyses harbored more DNA than metaphyses, and both had more than the diaphysis. The data were highly similar within and between porcine and bovine bones, and to those observed in rodents (29, 30) . This pattern was also maintained in both surface exposed and buried bones throughout the 6-month testing period. Extrapolated to human remains, these data clearly have important implications for forensic anthropologist and biologist that utilize skeletal material for DNA analyses and identifications. The specific mechanism(s) that leads one skeletal element to harbor more DNA than another, or for DNA quantity to vary throughout a single bone, is not clear, although it does not appear to simply reflect the number of osteocytes present (31) . It is possible that such inter-and intra-bone DNA variability is largely static, existing throughout an individual's lifetime, meaning the standard practice of sampling midshaft long bones could generally be sub-optimal. On the other hand, it may be that intra-bone DNA variation is temporal in nature, and reflects the changing status of a skeletal element over time. Bone develops in a predictable pattern, which is apparent from epiphyseal closure schedules that are well defined in domesticated animals (32) and humans (33) . The femoral head, trochanter, and distal epiphysis fuse to the diaphysis around 3-4 years of age in porcine and bovine femora (32) . The animals sampled in the current research were full-grown but relatively young, and in some instances, femoral bones had not yet fused. Given this, it is possible that areas of active skeletal growth harbor relatively large amounts of DNA, while that difference subsides as growth ceases and the individual matures, resulting in a more homogeneous DNA distribution.
Remodeling might also influence intra-femoral DNA heterogeneity, increasing DNA quantities at points of articulation or muscle attachment, as well as among bones that have overall higher degrees of remodeling. Ruff et al. (34) reviewed bone functional adaptation and stated that bone cells respond to local mechanical stress by adjusting the bone's structure to compensate for an individual's activity. Although remodeling sites are generally thought to arise spontaneously (35), Mashiba et al. (36) showed that generating micro-damage in dog radii increased remodeling at those sites, and in a review of bone remodeling mechanisms Burr (37) concluded that about 30% of it occurs in a targeted manner. Regions such as the femoral head and distal epiphysis may undergo more remodeling because they distribute static body weight and facilitate locomotion (38) , and consequently might have contributed to the higher DNA quantities recovered from those locations in the current study. Similarly, points of muscle attachment (e.g., trochanters and Region 9) may experience additional remodeling. Leney (18) postulated that remodeling of the femur and tibia was why those bones were more likely to contain mtDNA that led to reportable sequence data. The author further proposed that the mandible was a good source of mtDNA because remodeling at points of muscle attachment related to mastication increases bone density. This concept may help explain why elements like the patella, carpals, and tarsals were found to be rich sources of DNA both in the current study and in previous research (23, 24) .
The results presented here led to several other interesting observations, both anticipated and not. Among the former was that day zero DNA yields from the nonmacerated bones were generally higher than those from their macerated counterparts, consistent with research demonstrating that the duration of maceration (39) and the solution in which remains are macerated (40) can affect DNA yields. The maceration process used here involved boiling skeletal material in a detergent solution, which has been shown to be less harmful to DNA than some other methods (40) , although it still seems to have resulted in DNA loss or damage. Also, the inter-and intra-bone heterogeneity of DNA yields in nonmacerated day zero samples, while detected, was less pronounced than it was in the macerated material, indicating the maceration process does not affect DNA yields in a uniform fashion.
An unanticipated finding emanating from the current research was that the DNA isolation method, either demineralization or the standard tissue lysis, generally resulted in higher or lower DNA yields depending on the femoral region tested. For instance, demineralization liberated more mitochondrial and nuclear DNA B1  B2  B1  B2  B1  B2  B1  B2  B1  B2  B1  B2 from the diaphysis than did tissue lysis buffer, which is in line with studies showing that full demineralization of bone enhances DNA quantity and quality (25, 41, 42) , keeping in mind that the DNA in those studies generally originated from long bone diaphyses. In contrast, use of the standard tissue lysis buffer led to higher yields from the epiphyses in the current study. The cause (s) for these divergent results is unknown, although the detergents used differ between the two procedures, and one can easily imagine that bone characteristics such as osseous tissue type, hydroxyapatite, or collagen levels play a role. These or similar factors may be important when considering which skeletal DNA isolation method is actually most advantageous in a given circumstance. A striking finding from the current study was the tremendous difference in overall DNA degradation between surface exposed and buried bones. In the first week, fresh surface exposed material had a modest decrease in both nuclear and mitochondrial DNA yields, while levels of both decreased by 85% or more in buried bones, even though they were only~8 inches apart. This DNA loss was much more rapid than that detected in previous research on buried bones, although those studies did not test such short time spans. For instance, Campos et al. (14) reported that mtDNA quantity was reduced by more than 90% in buried bovine bone compared to control bone stored indoors, but that was after 1 year of interment. Hebda and Foran (15) found that nuclear and mitochondrial DNA from bovine femoral diaphyses declined substantially between 1 week and 1 month of burial; however, preburial yields were not assessed, so the level of DNA loss during the first week was unclear. The exact cause(s) of skeletal DNA degradation has not been determined, although rapid putrefaction was assumed to have produced it in (14) . Similarly, microbial attack was shown to influence DNA degradation in (43), while Bell et al. (44) confirmed that postmortem alteration of bone, based on scanning electron microscopy, was likely due to microbial attack, which was visible in as little as 3 months (the shortest postmortem interval tested). In the current study, burial may have allowed more extensive exposure to microbial activity overall, or have produced an environment (e.g., anaerobic) that permitted the bones to putrefy rapidly, aiding in the steep decline of DNA by 1 week, but still, the exact cause remains undetermined.
Relatedly, it was clear that temporal DNA loss from both surface exposed and buried bone differed among skeletal regions and elements. In the surface exposed material, DNA yields tended to decrease modestly during the first month and continue through 6 months (but see the exception below). In contrast, DNA quantity in buried bones dropped precipitously in the diaphysis and metaphyses at 1 week and then remained relatively stable over 6 months, while the epiphyses and tarsals had a smaller immediate loss of DNA, but continued to lose DNA as time passed. The reason for these difference is unknown, however osseous makeup is an obvious candidate. For instance, the regions vary in the amount of cortical/trabecular material present, and it is plausible that while they were sampled in the same way and to the same approximate cortical bone depth, soil conditions and/or microbes that impact bone and DNA degradation were affected by differences in bone structure, both within and among skeletal elements.
An odd exception to the temporal loss of DNA existed in nuclear DNA from surface exposed bones, where yields were often higher after two or more weeks then they were on day zero and week one (which we have also observed in other fresh burial experiments (15) and data not shown). The bones in this study became noticeably easier to drill after 1 or 2 weeks (i.e., less pressure was required to produce powder), indicating that exposure led to collagen and/or hydroxyapatite breakdown, weakening the bone's structure. Drilling speed has been shown to influence DNA yields from bone (45) , meaning that its hardness may be an important factor influencing DNA recovery, although it should be noted that mechanical damage to DNA was not a direct consideration in this research.
A final interesting and unexpected observation from this study stems from the DNA quality data, which often did not mirror DNA quantity results, and in some instances seemed to contradict them; this in spite of conducting the comparisons at DNA levels (neat or dilutions) that showed no PCR inhibition based on the IPC. While nuclear DNA yields from buried bones were lower than surface exposed bones at all time intervals, as the bones were buried for increasingly longer time periods and DNA yields decreased, their DNAs were more likely to produce the 599 bp amplicon in DNA quality assays, indicating that the very small amount of nuclear DNA that remained was of higher quality. The exact reason for this is unclear, but might result from the fact that the quantitative assay generated a~80 bp amplicon, allowing for the detection of DNA degraded down to that level, and as the bulk of DNA in buried bones was completely destroyed over time, total DNA yields fell. However, if a small amount of higher quality DNA, perhaps bound to hydroxyapatite or otherwise protected, was still present, it could then become detectable, accounting for the results seen here. In contrast, the DNA in surface exposed bones underwent less drastic DNA degradation, resulting in higher detected yields over time, although the vast majority of it was degraded below 599 bp, resulting in these intermediate sized DNAs outcompeting the few remaining large DNA segments for PCR primers, leaving the latter undetected. Most importantly, if this is the case, size fractionating the DNA from bone so as to remove the lower molecular weight material could produce positive results for larger amplicons and might be a worthwhile strategy for obtaining genetic data from highly degraded skeletal DNA.
Overall, the body of research presented here demonstrates that both nuclear and mitochondrial DNA quantities vary significantly depending on the femoral location assayed, and can differ as much or more within a skeletal element as among them. Relative DNA yields along femora were consistent in the two model systems, suggesting that the findings are likely applicable to a broad range of species. The femur supports static body weight, facilitates locomotion, and has a diverse morphology, osseous tissue distribution, muscle attachment sites, and both articulating and nonarticulating surfaces. This physical complexity, along with its history of being preferentially selected for DNA testing in research and casework, made the femur an ideal element for examining whether DNA is heterogeneously distributed in bone, which plainly it is. Given this, one or more factors, such as muscle attachment, articulation, or bone density may be a better indicator of DNA yield than which element is assayed. Furthermore, short-term environmental exposure and its duration were shown to alter DNA quantity, quality, and their heterogeneity in skeletal material. These factors could not only influence the decision as to which bone(s) to assay if alternatives exist, but also where on the bone to sample in order to optimize DNA recovery. An increased understanding of inter-and intra-bone DNA variability will ultimately lead to improving practices for recovering DNA in both research and forensic laboratories.
